



Title: N2O reduction during municipal wastewater treatment using a two-sludge SBR ?
system acclimatized with propionate ?
Author: Cong Lia, 1, Shuang Lianga, 1, Jian Zhanga*, Huu Hao Ngob, Wenshan Guob, ?
Nan Zhenga, Yina Zoua ?
Affiliation: ?
a
 Shandong Provincial Key Laboratory of Water Pollution Control and Resource ?
Reuse, School of Environmental Science and Engineering, Shandong University, 27 ?
Shanda Nanlu, Jinan 250100, Shandong, PR China. ?
b
 
School of Civil and Environmental Engineering, University of Technology Sydney, ?
Broadway, NSW 2007, Australia. ??
*
 Address correspondence to author. J.Z. phone: +86 531 88363015; fax: +86 531 ??
88363015; e-mail: zhangjian00@sdu.edu.cn.  ??
1





A two-sludge denitrifying phosphorus removal process (A2N-SBR), acclimatized ?
with propionate, was proposed as an efficient method for nitrous oxide (N2O) ?
reduction during municipal wastewater treatment. Compared with the conventional ?
nitrification-denitrification process (AO-SBR) operated in parallel, the A2N-SBR not ?
only significantly improved total nitrogen and soluble phosphorus removal ?
efficiencies by around 32.3% and 23.5%, respectively, but also greatly reduced N2O ?
generation by around 31.5%. Moreover, like the anoxic stage of AO-SBR, nearly zero ?
N2O (merely 0.054% of the removed nitrogen) was generated during the anoxic stage ?
of A2N-SBR. The substantial N2O reduction achieved in the proposed A2N-SBR can ??
be reasonably explained by (i) the use of independent nitrification reactor resulting in ??
higher activity of nitrifying bacteria and no occurrence of heterotrophic denitrification ??
in aerobic stage, and (ii) the use of propionate as carbon source decreasing nitrite ??
accumulation in anoxic stage. ??
 ??






As an important measure for eutrophication control, biological nutrient removal ?
(BNR) process has been increasingly applied worldwide for more effective removal ?
of nutrients, mainly nitrogen and phosphorus, in municipal wastewater. However, it ?
has been known that BNR process is an important nitrous oxide (N2O) emission ?
source [1]. N2O is a potent greenhouse gas, and its 100-year global warming potential ?
is approximately 300 times stronger than that of carbon dioxide (CO2) [2]. It can also ?
react with oxygen (O2) to produce nitric oxide (NO) in the stratosphere and ?
consequently contribute to the destruction of ozone layer [3]. Therefore, effective ?
control of N2O emission from BNR process is of great importance and attracts ??
increasingly more attention.  ??
Over the past decade, great efforts have been devoted to investigating the ??
characteristics of N2O emission from BNR processes. It has been widely ??
acknowledged that most N2O was generated in aerobic stages, mainly by autotrophic ??
nitrification and heterotrophic denitrification [4-6]. In autotrophic nitrification, ??
ammonium is oxidized to nitrite by ammonium-oxidizing bacteria (AOB), and the ??
nitrite is further oxidized to nitrate by nitrite-oxidizing bacteria (NOB). When nitrite ??
is accumulated, AOB denitrification occurs in which nitrite was reduced to N2O and ??
N2 [7]. In heterotrophic denitrification, reduction of nitrite/nitrate can be carried out ??
by denitrifier under low oxygen condition, and the end product is mainly N2O rather ??
than N2 [8].  ??




heterotrophic denitrifying bacteria, and phosphate-accumulating organisms (PAO) ?
co-exist with each other. For the optimal growth of heterotrophic denitrifying bacteria ?
and PAO, these systems normally cannot be operated at long sludge retention time ?
(SRT) and high dissolved oxygen (DO) concentration [9]. Unfortunately, under such ?
operating conditions, the high metabolic activity of NOB cannot be achieved, ?
resulting in more serious nitrite accumulation and consequently a larger amount of ?
N2O generation [10, 11]. Besides, as previously mentioned, the low DO concentration ?
can also promote N2O generation by favoring the occurrence of heterotrophic ?
denitrification in aerobic stages [11, 12]. It therefore appears that N2O generation in ?
aerobic stages may be effectively reduced if the NOB can be separated into an ??
independent reactor, operated at desirable conditions (i.e., long SRT and high DO ??
concentration).  ??
One promising solution to the inherent limitation of N2O reduction in ??
single-sludge system turns out to be the use of two-sludge system, known as ??
anaerobic-anoxic/nitrifying sequencing batch reactor (A2N-SBR). The two-sludge ??
system consists of an anaerobic–anoxic SBR (A2-SBR), and a separate nitrification ??
SBR (N-SBR) operated at the conditions favoring the growth of NOB [13-15]. It is ??
therefore hypothesized that N2O generation in the N-SBR can be significantly reduced, ??
due to the enhanced NOB activity and no occurrence of heterotrophic denitrification. ??
However, no special efforts have yet been made to understand the potential reduction ??
of N2O generation in the N-SBR of two-sludge system. ??




N2O was measured by Wang et al. [16, 17], operating the A2-SBR acclimatized with ?
acetate as carbon source. Carvalho et al. [18] reported that acetate would reduce the ?
denitrifying phosphate removal, while using propionate as carbon source for ?
acclimatization would be able to improve denitrifying phosphate removal. ?
Furthermore, compared with acetate, using propionate as carbon source significantly ?
decreased N2O generation in anaerobic-aerobic (low dissolved oxygen) process [19, ?
20]. It appears that the use of propionate as carbon source may not only increase ?
phosphate removal performance but also decrease N2O generation. It is therefore ?
hypothesized that N2O reduction can be achieved if the A2-SBR was acclimatized ?
with propionate. ??
As an initial attempt, our study presents an A2N-SBR system acclimatized with ??
propionate for N2O reduction during municipal wastewater treatment. The ??
characteristics of N2O generation in A2N-SBR were investigated in details and were ??
compared with the parallel conventional nitrification/denitrification process (AO-SBR) ??
and some other representatives in literature. The hypothesized N2O reduction ??
mechanisms were analyzed in-depth and further verified with the additional ??
experimental evidence obtained from the specially designed batch tests. Our results ??
may lay an important foundation for future application of A2N-SBR for N2O ??
reduction. ??
2. Materials and Methods ??
2.1. Experimental system setup and operation ??




operated in parallel to comparatively study their N2O generation characteristics. They ?
were seeded with the same sludge, collected from the First Wastewater Treatment ?
Plant of Everbright Water (Jinan) Ltd. (Jinan, China). The A2N-SBR consisted of two ?
reactors, an A2-SBR and an N-SBR. The former was operated under alternating ?
anaerobic, anoxic, and aerobic conditions, whereas the latter worked under aerobic ?
condition. The AO-SBR was performed in one single reactor and operated under ?
alternating anoxic and aerobic conditions. Each reactor has a working volume of 5 L. ?
The main operational parameters of the two systems are summarized in Table 1. ?
Fig.1A shows the operational scheme for the A2N-SBR with a cycle length of 8 ?
hours. In the initial feeding stage, 4 L of synthetic wastewater was fed into the ??
A2-SBR. After 90 min anaerobic reaction and 40 min settling, 4 L of supernatant was ??
flowed into the N-SBR where ammonium was completely oxidized to nitrate. After ??
settling, the nitrate enriched effluent of N-SBR was withdrawn and temporally kept in ??
a storage tank. It was subsequently fed into the A2-SBR for further anoxic and ??
post-aerobic treatment. The DO concentration in the N-SBR was maintained around ??
2.0-2.5 mg/L. ??
Fig.1B shows the operational scheme of the AO-SBR with a cycle length of 6 ??
hours. In the feeding stage, 2.5 L of synthetic wastewater was pumped into the reactor, ??
while 2.5 L of supernatant was removed after settling. The DO concentration was ??
maintained around 1.0-1.5 mg/L.  ??
After around four months of running, the effluent concentrations of nitrogen and ??




denitrification and phosphorus removal process was achieved. The investigations of ?
contaminant removal performance, N2O generation characteristic as well as batch ?
tests were then conducted.  ?
2.2. Synthetic wastewater ?
Table 2 lists the composition of the synthetic wastewater. The concentrations of ?
COD, NH4+-N, and TP were chosen to be 200, 40 and 5 mg/L, respectively, which ?
represented the typical influent quality of the First Wastewater Treatment Plant of ?
Everbright Water (Jinan) Ltd [21].  ?
2.3. Batch tests ?
Three series of batch tests were conducted in order to further verify the ??
hypothesized mechanisms responsible for N2O reduction in the two-sludge SBR ??
system acclimatized with propionate. Two reactors, each having a working volume of ??
1.4 L, were used in the batch tests. The temperature was controlled to be the same as ??
that in parent reactors. ??
2.3.1 N2O reduction in N-SBR ??
Batch test 1, 2 were carried out to verify the lack of heterotrophic denitrification ??
and the enhanced metabolic activity of NOB in N-SBR. Batch test 1, a total of 2.8 L ??
of mixed liquor was taken from the parent N-SBR at the beginning of aerobic stage, ??
and divided equally into the two batch-test reactors (BT-1 and BT-2). Following the ??
method described by Tallec et al. [22], a certain amount of nitrite, allylthiourea (ATU), ??
and chlorate (NaClO3) was added into BT-1 to give an initial NO2--N, ATU, and ??




only supplied with the same amount of nitrite. The two batch-test reactors were ?
aerated for 120 min, and the DO concentrations were maintained to be the same as ?
that in the parent N-SBR reactor.  ?
Since ATU [23] and NaClO3 [24] are well known nitrification inhibitors, the N2O ?
generation in BT-1 can be reasonably assumed to be mainly from heterotrophic ?
denitrification, which is expected to be around zero. The N2O generated by ?
autotrophic nitrification was equal to the difference between BT-1 and BT-2. ?
Moreover, for comparison, an additional batch test was performed for AO-SBR ?
following the same procedure as that applied to N-SBR. ?
In batch test 2, the metabolic activity of NOB, indicated by nitrite oxidation rate ??
(NOR), in N-SBR was evaluated and compared with that in AO-SBR. 1.4 L of sludge ??
was withdrawn at the beginning of aerobic stage from the parent N-SBR and AO-SBR, ??
respectively. Each sludge was firstly washed three times with 0.9% NaCl solution. ??
The supernatant was then removed and the settled sludge was transferred into batch ??
test reactor. Thereafter, a certain amount of tap water and nitrite were supplied to each ??
reactor to give an initial NO2--N concentrations of 10 mg/L. The aerobic reaction was ??
conducted for 90 min in which the NOR in each reactor was determined based on the ??
change in nitrite concentration (mg NO2--N) over time (h), normalized to MLVSS ??
concentration (g VSS). ??
2.3.2 N2O reduction in A2-SBR  ??
Batch test 3 was carried out to further evaluate the advantage of propionate in the ??




mixed liquor was taken from the parent A2-SBR at the end of post-aerobic stage, and ?
divided equally into the two batch-test reactors (BT-1 and BT-2). After the supernatant ?
was removed, 1.12 L synthetic wastewater was supplied to each reactor to give an ?
initial NH4+-N and PO43--P concentrations of 10 and 5 mg/L, respectively. One reactor ?
was fed with acetate, whereas the other was supplied with propionate. The COD ?
concentrations in two reactors were both 160 mg/L. After 90 min of anaerobic ?
reaction, KNO3 solution was immediately added into each reactor, giving an initial ?
NO3−-N concentration of 32 mg/L. The anoxic reaction lasted for 180 min.  ?
2.4. Analytical methods ?
COD, NH4+-N, NO3--N, NO2--N, PO43--P and MLSS were analyzed in ??
accordance with Standard Methods [25]. DO was measured with DO meters ??
(HQ40d53LDO™, HACH, USA). The off-gas N2O was collected and calculated ??
according to the methods of Yang et al. [6]. The N2O concentrations in gas and liquid ??
phases were measured using gas chromatography (GC) (SP-3410, Beifen, China) and ??
N2O microsensor (N2O-100, Unisense A/S, Denmark), respectively.  ??
3. Results ??
3.1 General Performance ??
The A2N-SBR and AO-SBR reached steady state after running about four months, ??
indicated by the stable MLSS concentration and nitrogen and phosphorous removal ??
efficiencies. The sludge volume index (SVI) in A2-SBR, N-SBR, and AO-SBR were ??
24.3-28.5, 31.4-35.5, and 77.6-83.2 mL/g SS, respectively. Compared to AO-SBR, the ??




denitrifying polyphosphate-accumulating organisms (DPAOs), the sludge may grow ?
more like granules rather than flocs observed in AO-SBR. Furthermore, N-SBR ?
operated at high DO concentration was mainly enriched with nitrifying bacteria, and ?
the sludge also showed a better settleability [13]. ?
Table 3 summarizes the pollutant removal efficiencies of the two systems. It can ?
be seen that both A2N-SBR and AO-SBR exhibited excellent COD and NH4+-N ?
removal efficiencies, averaged over 87.1%. This is as expected since propionate is ?
readily biodegradable and no limiting factors are present for the nitrification occurring ?
in aerobic stages. In contrast, however, the TN and PO43--P removal efficiencies of ?
A2N-SBR (i.e. 92.3% and 92.0%, respectively) were found to be substantially higher ??
than those measured in AO-SBR (i.e. 60.2% and 68.5%, respectively). In other words, ??
compared with AO-SBR, A2N-SBR significantly improved TN and PO43--P removal ??
efficiencies by about 32.3% and 23.5%, respectively. ??
The excellent TN and PO43--P removal efficiencies of A2N-SBR may be ??
attributed to the existence of DPAOs, which could remove nitrogen and phosphorus ??
simultaneously using the same carbon source [13]. On the contrary, in single-sludge ??
AO-SBR systems, the removal of nitrogen and phosphorus were respectively carried ??
out by denitrifiers and polyphosphate-accumulating organisms (PAO), both of which ??
require carbon source. Therefore, the low influent carbon source could not meet the ??
demand of denitrifiers and PAO for simultaneous nitrogen and phosphorous removal ??
in AO-SBR. ??




Fig. 2 shows the time profiles of COD, NH4+-N, NO3--N, NO2--N, and PO43--P ?
concentration as well as N2O generation amount in a typical cycle of A2-SBR and ?
N-SBR. During the anaerobic stage of A2-SBR, most of the COD was consumed ?
within 30 min, and this was accompanied by the release of PO43--P (Fig. 2). After the ?
first settling, the supernatant rich in NH4+-N and PO43--P was transferred into the ?
N-SBR, wherein most of the NH4+-N was converted into NO3--N after 90 min aerobic ?
operation, and PO43--P concentration remained almost constant (Fig. 2).  ?
The effluent of N-SBR was subsequently returned back to A2-SBR, wherein ?
simultaneous denitrification and phosphorus uptake occurred. The NO3--N ?
concentration was gradually decreased to zero after 180 min of anoxic operation. ??
Only 0.57 mg/L NO2--N was generated at 160 min, after which it was rapidly reduced ??
to zero. With the reduction of NO3--N, PO43--P concentration decreased gradually to ??
2.82 mg/L. In the subsequent post-aerobic stage, half of the residual NH4+-N was ??
converted to NO2--N and NO3--N, and the PO43--P concentration was further ??
decreased to 0.09 mg/L.   ??
From Fig. 2, it was found that N2O generation occurred in the anoxic and ??
post-aerobic stage of A2-SBR and the aerobic stage of N-SBR. During the whole ??
anaerobic stage, N2O generation was negligible. When the NH4+ rich supernatant ??
transferred into the N-SBR, N2O generation amount increased rapidly, reaching the ??
highest value of 0.15 mg/L at 60 min, and then leveled off. At the beginning of anoxic ??
stage, once NO3
-
 rich supernatant was added to the reactor, N2O generation amount ??




zero thereafter. This was because the generated N2O was mainly dissolved which was ?
denitrified by DPAOs in subsequent anoxic reaction. In the post-aerobic stage, N2O ?
generation amount constantly increased reaching a maximum of 0.72 mg/L at 360 ?
min. ?
3.3 A typical cycle of AO-SBR system  ?
 Fig. 3 illustrates the variations of COD, NH4+-N, NO3--N, NO2--N, and PO43--P ?
concentration as well as N2O generation amount in one typical cycle of AO-SBR. It ?
can be seen that, in anoxic stage, the concentration of COD and NO3--N rapidly ?
decreased to around 25.36 mg/L and 0 mg/L, respectively, whereas PO43--P ?
concentration slowly increased and reached to 7.69 mg/L at 90 min. Like the case in ??
A2-SBR, no NO2--N accumulation was observed during this stage. ??
In aerobic stage, NH4+-N was completely depleted after 60 min. Moreover, the ??
NO2--N concentration rapidly increased to 2.42 mg/L at 120 min and gradually ??
reduced thereafter. The NO3--N concentration increased from the beginning of the ??
aerobic stage, and finally reached up to 16.07 mg N/L. The PO43--P concentration ??
decreased gradually to 1.94 mg/L. The obtained results suggest that denitrification ??
and phosphorus release mainly occurred in anoxic stage, whereas nitrification and ??
phosphorus uptake mainly occurred in aerobic stage. ??
Fig. 3 shows that N2O generation in anoxic stage was very low, and the ??
maximum N2O generation amount was only 0.01 mg/L. This result was different from ??
the studied A2-SBR where the maximum N2O generation amount up to 0.32 mg/L. ??




denitrification, but A2-SBR using poly-b-hydroxyalkanoates (PHA) for denitrification. ?
Some researchers also reported that the consumption of PHA for denitrification could ?
increase the N2O generation [26-28]. In the aerobic period, N2O generation amount ?
increased rapidly and reached to the highest value of 0.20 mg/L at 150 min.  ?
4. Discussion  ?
As a suitable carbon source for DPAOs, propionate could maintain the stability ?
of denitrifying phosphorous removal process [18]. Therefore, the nitrogen and ?
phosphorous removal efficiencies in the studied A2N-SBR appeared to be above 90% ?
all the time. With the use of sludge fermentation liquid enriched in propionate, ?
improved nitrogen and phosphorous removal was observed in a single-sludge ??
denitrifying phosphorous removal via nitrite system [29]. The nitrogen and ??
phosphorous removal efficiencies (98.7% and 97.6%) were higher than those of the ??
presented A2N-SBR (Table 4). The lower phosphorous removal efficiency of ??
A2N-SBR may be partly attributed to the lower influent phosphorous concentration (5 ??
mg/L), whereas the lower nitrogen removal efficiency in A2N-SBR may be due to the ??
inevitable discharge of some residual ammonia. However, it was noteworthy that ??
nitrite rather nitrate was the intermediate between nitrification and denitrification in ??
the single-sludge SBR [29], and the accumulation of nitrite could cause N2O ??
generation. It is therefore assumed that the N2O generation in the single-sludge SBRs ??
would possibly be higher, justifying further research needs.  ??
Table 5 compares the generation amount and conversion rate of N2O in the ??




Compared with other systems, total N2O generation amount in our A2N-SBR was very ?
low, and it only accounted for 0.69% of the influent TN. This was attributed partly to ?
the low amount of N2O generation in N-SBR, and partly to the limited amount of N2O ?
generation in A2-SBR. ?
4.1 Causes of low N2O generation in N-SBR  ?
It can be seen from Table 5 that the N2O generation amount during aerobic stage ?
of N-SBR accounted for 0.47% of the influent nitrogen load, which was much lower ?
than those in AO-SBR and other systems. Moreover, N2O generation in AO-SBR was ?
also found to be lower than that in the study of Jia et al. [30]. This may be attributed ?
to the difference of carbon source. In this study propionate was used as carbon source, ??
whereas Jia et al. [30] using acetate and glucose. It has been reported that the use of ??
propionate could decrease N2O generation [19, 20]. Zhu and Chen [20] used sludge ??
alkaline fermentation liquid enriched in propionate as carbon source, but the N2O ??
generation appeared to be much higher than that in our study. The main reason was ??
probably that they used an anaerobic-aerobic process operated at low DO ??
concentration. ??
There are two possible explanations for the low N2O generation in N-SBR, one is ??
no occurrence of heterotrophic denitrification, and the other is the higher activity of ??
NOB. Firstly, autotrophic nitrification and heterotrophic denitrification can occur ??
simultaneously in aerobic stage of single-sludge system, both of them can contribute ??
to N2O generation [22, 30]. However, unlike the single-sludge system, autotrophic ??




heterotrophic denitrification in N-SBR was clearly evidenced by the batch test results ?
shown in Fig. 4. It was noted that autotrophic nitrification was the main source in ?
N-SBR, accounting for more than 95.4% of total N2O generation. However, both ?
autotrophic nitrification and heterotrophic denitrification contributed to N2O ?
generation in the aerobic stage of AO-SBR, and heterotrophic denitrification ?
accounted for about 30.6%. With the use of inhibitors, Tallec et al. [22] reported that ?
heterotrophic denitrification represents from 17% to 42% of total N2O generation ?
amount during aerobic stage of urban wastewater treatment.   ?
The other explanation is that the activity of NOB in N-SBR was much higher ?
than that in A/O-SBR or other single-sludge systems. As previously hypothesized, ??
since there was only nitrification occurring in N-SBR, the SRT and DO concentration ??
could be controlled at higher level favoring the growth of NOB. The higher activity of ??
NOB would decrease NO2- accumulation, and would consequently reduce N2O ??
generation. This hypothesis can be verified by comparing the NOR in N-SBR and ??
A/O-SBR. According to the results of batch test 2, the NOR of N-SBR was 13.36 ± ??
1.46 mg NO2-/h/g VSS, which was significantly higher than that (i.e. 9.23 ± 0.82 mg ??
NO2-/h/g VSS) in AO-SBR. This suggests that the amount of NO2- accumulated and ??
N2O generated in N-SBR would be much less than those in AO-SBR. Fukumoto et al. ??
[31] also found that the N2O emission was decreased in a laboratory-scale composting ??
experiment with the addition of NOB, and the main reason was supposed to be the ??
added NOB preventing NO2- accumulation. ??




Although N2O generation amount in anoxic stage of A2-SBR was much higher ?
than that in AO-SBR (Table 5), it only contributed 7.17% of the total N2O generation ?
of A2N-SBR. Moreover, it was noteworthy that the presented A2-SBR produced much ?
less N2O than other A2-SBR systems reported in literature. More specifically, the ?
anoxic N2O generation amount in the presented A2-SBR was only 0.05% of the ?
influent nitrogen load, which was much lower than those (2.34%~21.6%) reported in ?
previous A2-SBR systems [16, 17].  ?
The less anoxic N2O generation amount in the presented A2-SBR may be ?
attributed to the use of propionate as carbon source, which is unlike other studies ?
using acetate as carbon source [16, 17]. The positive effect of propionate on N2O ??
reduction was partially proved by the results of batch test 3. It was observed from ??
Fig.5 that the use of propionate significantly decreased N2O generation amount. ??
Furthermore, nearly no NO2--N accumulation occurred in the anoxic stage when using ??
propionate as carbon source. In contrast, NO2--N accumulation during this stage ??
reached the maximum of 6.09 mg/L when using acetate as carbon source. NO2- can ??
promote N2O generation by inhibiting the activity of N2O reductase [32, 33]. Other ??
A2-SBR systems reported in literature were always operated with acetate as the sole ??
carbon source, and the N2O generation in these systems would be higher due to the ??
high accumulation of NO2-.  ??
Although Wang et al. [16] investigated N2O generation in A2-SBR using ??
propionate as carbon source, the observed nitrite accumulation and N2O generation ??




their study was not acclimated by propionate but acetate, and the effect of propionate ?
shock on N2O generation was investigated in one cycle. On the contrary, however, the ?
sludge in our study was acclimated solely by propionate. The species of DPAOs in the ?
two studies might be different. A detailed and in-depth analysis of the microbial ?
community is desired to better elucidate the underlying mechanisms via which ?
propionate decreases N2O generation in denitrifying phosphorus removal systems.  ?
It therefore appears that the long-term use of propionate as carbon source could ?
not only improve nitrogen and phosphorous removal efficiencies, but also ?
significantly decrease N2O generation during denitrifying phosphorus removal system. ?
Therefore, propionate or propionate-riched liquid (i.e. fermentation liquid of biowaste) ??
can be recommended as a promising external carbon source for effective control of ??
N2O generation during biological wastewater treatment processes. ??
5. Conclusion ??
In summary, this study suggested that the two-sludge SBR system acclimatized ??
with propionate remarkably reduced N2O generation and increased the nitrogen and ??
phosphorus removal efficiencies. N2O generation amount during aerobic stage of ??
N-SBR was lower than that in single-sludge system, because the independent ??
nitrification reactor resulted in higher activity of nitrifying bacteria and no occurrence ??
of heterotrophic denitrification. Compared with the anoxic stage of denitrifying ??
phosphorus removal process reported in literature N2O generation in A2-SBR was ??






This work was supported by Natural Science Foundation for Distinguished ?
Young Scholars of Shandong province (No. JQ201216), National Natural Science ?
Foundation of China (No. 21177075, 21007032, 50908133), Program for New ?
Century Excellent Talents in University (No. NCET -10-0554). ?
References  ?
[1] M.J. Kampschreur, H. Temmink, R. Kleerebezem, M.S.M. Jetten, M.C.M. van ?
Loosdrecht, Nitrous oxide emission during wastewater treatment, Water Res. 43 ?
(2009) 4093-4103. ?
[2] IPCC, Changes in atmospheric constituents and in radiative forcing. In: Solomon ??
S et al.(ed), Climate Change 2007: The Physical Science Basis. Contribution of ??
working group I to the fourth assessment report of the Intergovernmental Panel ??
on Climate Change. Cambridge University Press, Cambridge, 2007, pp 114-143. ??
[3] A.R. Ravishankara, J.S. Daniel, R.W. Portmann, Nitrous oxide (N2O): the ??
dominant ozone-depleting substance emitted in the 21st century, Science 326 ??
(2009) 123-125. ??
[4] J.H. Ahn, S. Kim, H. Park, B. Rahm, K. Pagilla, K. Chandran, N2O emissions ??
from activated sludge processes, 2008–2009: Results of a national monitoring ??
survey in the United States, Environ. Sci. Technol. 44 (2010) 4505-4511. ??
[5] V. Rassamee, C. Sattayatewa, K. Pagilla, K. Chandran, Effect of Oxic and Anoxic ??
Conditions on Nitrous Oxide Emissions from Nitrification and Denitrification ??




[6] Q. Yang, X.H. Liu, C.Y. Peng, S.Y. Wang, H.W. Sun, Y.Z. Peng, N2O production ?
during nitrogen removal via nitrite from domestic wastewater: main sources and ?
control method, Environ. Sci. Technol. 43 (2009) 9400-9406. ?
[7] S.W. Kim, M. Miyahara, S. Fushinobu, T. Wakagi, H. Shoun, Nitrous oxide ?
emission from nitrifying activated sludge dependent on denitrification by ?
ammonia-oxidizing bacteria, Bioresour. Technol. 101 (2010) 3958-3963. ?
[8] P. Bonin, C. Tamburini, V. Michotey, Determination of the bacterial processes ?
which are sources of nitrous oxide production in marine samples, Water Res. 36 ?
(2002) 722-32. ?
[9] Z. Hu, J. Zhang, H.J. Xie, S.P. Li, J.H. Wang, T.T. Zhang, Effect of anoxic/aerobic ??
phase fraction on N2O emission in a sequencing batch reactor under low ??
temperature, Bioresour. Technol. 102 (2011) 5486-5491. ??
[10] G..A. Ekama, M.C. Wentzel, Difficulties and developments in biological nutrient ??
removal technology and modeling, Water Sci. Technol. 39 (1999) 1-11. ??
[11] Z. Hu, J. Zhang, H.J. Xie, S.P. Li, T.T. Zhang, J.H. Wang, Identifying sources of ??
nitrous oxide emission in anoxic/aerobic sequencing batch reactors (A/O SBRs) ??
acclimated in different aeration rates, Enzyme Microb. Technol. 49 (2011) ??
237-245. ??
[12] Z. Hu, J. Zhang, S.P. Li, H.J. Xie, J.H. Wang, T.T. Zhang, Y.R. Li, H.Y. Zhang, ??
Effect of aeration rate on the emission of N2O in anoxic–aerobic sequencing ??
batch reactors (A/O SBRs), J. Biosci. Bioeng. 109 (2010) 487-491. ??




with minimal cod requirement by integration of denitrifying dephosphatation and ?
nitrification in a two-sludge system, Water Res. 30 (1996) 1702-1710. ?
[14] Y. Zhou, M. Pijuan, Z.G. Yuan, Development of a 2-sludge, 3-stage system for ?
nitrogen and phosphorous removal from nutrient-rich wastewater using granular ?
sludge and biofilms, Water Res. 42 (2008) 3207-3217. ?
[15] Y.Y. Wang, Y.Z. Peng, T. Stephenson, Effect of influent nutrient ratios and ?
hydraulic retention time (HRT) on simultaneous phosphorus and nitrogen ?
removal in a two-sludge sequencing batch reactor process, Bioresour. Technol. ?
100 (2009) 3506-3512. ?
[16] Y.Y. Wang, J.J. Geng, G. Guo, C. Wang, S.H. Liu, N2O production in ??
anaerobic/anoxic denitrifying phosphorus removal process: The effects of carbon ??
sources shock, Chem. Eng. J. 172 (2011) 999-1007. ??
[17] Y.Y. Wang, J.J. Geng, Z.J. Ren, W.T. He, M.Y. Xing, M. Wu, S.W. Chen, Effect ??
of anaerobic reaction time on denitrifying phosphorus removal and N2O ??
production, Bioresour. Technol. 102 (2011) 5674-5684. ??
[18] G. Carvalho, P.C. Lemos, A. Oehmen, M.A.M. Reis, Denitrifying phosphorus ??
removal: Linking the process performance with the microbial community ??
structure, Water Res. 41 (2007) 4383-4396. ??
[19] H.J. Li, X.R. Chen, Y.G. Chen, Effect of the addition of organic carbon sources ??
on nitrous oxide emission in anaerobic-aerobic (low dissolved oxygen) ??
sequencing batch reactors, Front. Environ. Sci. Engin. China 4 (2010) 490-499. ??




(low dissolved oxygen) biological wastewater treatment process by using sludge ?
alkaline fermentation liquid, Environ. Sci. Technol. 45 (2011) 2137-2143. ?
[21] J.H. Wang, J. Zhang, H.J. Xie, P.Y. Qi, Y.G. Ren, Z. Hu, Methane emissions from ?
a full-scale A/A/O wastewater treatment plant, Bioresour. Technol. 102 (2011) ?
5479-5485. ?
[22] G. Tallec, J. Garnier, G. Billen, M. Gousailles, Nitrous oxide emissions from ?
secondary activated sludge in nitrifying conditions of urban wastewater ?
treatment plants: Effect of oxygenation level, Water Res. 40 (2006) 2972-2980. ?
[23] G.H. Hall, Measurement of nitrification rate in lake sediments: comparison of the ?
nitrification inhibitors nitrapyrin and allylthiourea, FEMS Microbiol. Ecol. 10 ??
(1984) 25-36.  ??
[24] S. Haider, K. Svardal, P.A. Vanrolleghem, H. Kroiss, The effect of low sludge ??
age on wastewater fractionation (Ss, Sl), Water Sci. Technol. 47 (2003) 203-209. ??
[25] Chinese SEPA, Water and Wastewater Monitoring Methods, fourth ed., Chinese ??
Environmental Science Publishing House, Beijing, China, 2002. ??
[26] S. Schalk-Otte, R.J. Seviour, J.G. Kuenen, M.S.M. Jetten, Nitrous oxide (N2O) ??
production by Alcaligenes faecalis during feast and famine regimes, Water Res. ??
34 (2000) 2080-2088.  ??
[27] R.L. Meyer, R.J. Zeng, V. Giugliano, L.L. Blackall, Challenges for simultaneous ??
nitrification, denitrification, and phosphorus removal in microbial aggregates: ??





[28] R. Lemaire, R. Meyer, A. Taske, G.R. Crocetti, J. Keller, Z.G. Yuan, Identifying ?
causes for N2O accumulation in a lab-scale sequencing batch reactor performing ?
simultaneous nitrification, denitrification and phosphorus removal, J. Biotechnol. ?
122 (2006) 62-72. ?
[29] Z.Y. Ji, Y.G. Chen, Using Sludge Fermentation Liquid To Improve Wastewater ?
Short-Cut Nitrification-Denitrification and Denitrifying Phosphorus Removal via ?
Nitrite, Environ. Sci. Technol. 44 (2010) 8957-8963. ?
[30] W.L. Jia, J. Zhang, H.J. Xie, Y.J. Yan, J.H. Wang, Y.X. Zhao, X.L. Xu, Effect of ?
PHB and oxygen uptake rate on nitrous oxide emission during simultaneous ?
nitrification denitrification process, Bioresour. Technol. 113 (2012) 232-238.  ??
[31] Y. Fukumoto, K. Suzuki, T. Osada, K. Kuroda, D. Hanajima, T. Yasuda, K. Haga, ??
Reduction of nitrous oxide emission from pig manure composting by addition of ??
nitrite-oxidizing bacteria, Environ. Sci. Technol. 40 (2006) 6787-6791. ??
[32] Y. Zhou, M. Pijuan, R.J. Zeng, Z.G. Yuan, Free nitrous acid inhibition on nitrous ??
oxide reduction by a denitrifying-enhanced biological phosphorus removal ??
sludge, Environ. Sci. Technol. 42 (2008) 8260-8265. ??
[33] Y. Zhou, A. Oehmen, M. Lim, V. Vadivelu, W.J. Ng, The role of nitrite and free ??





































Feeding Anaerobic Setting Feeding Anoxic Post-aerobic SettingStage
Time (min) 10 90 40 10 180 30 40











Time (min) 10 90 180 40
Aerobic SettingFeeding Stage

































































































 Total N2O 
 Dissolved N2O 
 




























































































 Total N2O 
 Dissolved N2O  
AO-SBR
?


























Fig. 4. N2O generation by autotrophic nitrification and heterotrophic denitrification in ?












































Fig. 5. N2O and NO2- generation profiles during two batch experiments with acetate ?
and propionate as carbon source, respectively. ?
?
Table 1 ?





F/M ratio (g COD/g SS/d)  0.65-0.71 0.07-0.08 0.63-0.69 
Nitrogen loading rate (g N/g SS/d) 0.13-0.14 0.11-0.12 0.12-0.13 
Temperature (ºC) 25 ± 1°C 25 ± 1°C 25 ± 1°C 
SRT (d) 25 50 20 












CH3CH2COONa 172 H3BO3 0.15 
NH4Cl 153 CuSO4·5H2O 0.03 
NaHCO3 200 KI 0.18 
KH2PO4 11 MnCl2·4H2O 0.12 
K2HPO4·3H2O 18 Na2MoO4·2H2O 0.06 
MgSO4·7H2O 10 ZnSO4·7H2O 0.12 
FeSO4·7H2O 10 CoCl2·6H2O 0.15 





Removal performance of two systems for COD, NH4+-N, TN and PO43--Pa ?


















COD 194.4±20.12 25.08±9.36 87.13±5.73  24.71±12.64 87.28±7.12 
NH4+-N 40.78±2.03 1.86±0.95 95.47±2.17  0.28±0.35 99.31±0.82 
TN 40.78±2.03 3.16±1.15 92.28±2.69  16.27 ±1.31 60.02±3.65 
PO43--P 5.05±0.28 0.39±0.20 92.04±4.35  1.64±0.21 68.52±4.25 





Comparison of nitrogen and phosphorous removal efficiencies of A2N-SBR and ?





 (Ji and Chen, 2009)
Influent COD (mg/L) 200 265 
Influent TN (mg/L) 40 38 
Influent PO43--P (mg/L) 5 15 
Effluent TN (mg/L) 3.16 0.49 
Effluent PO43--P (mg/L) 0.39 0.36 
TN removal efficiency (%) 92.0 98.7 







N2O generation amount per cycle in different reactors.  ?
Reactor 






%   
N2
anaerobic stage in A2-SBR 0.0076 
anoxic stage in A2-SBR  0.050 
post-aerobic stage in A2-SBR  0.17 
aerobic stage in N-SBR 0.47 
A2N-SBR propionate 
total generation 0.69 
anoxic stage 0.017 
aerobic stage 1.00 AO-SBR propionate 
total generation 1.01 
A2-SBR acetate anoxic stage 2.34-21.63 
AO (low DO)-SBR 7.05 
AO-SBR 
acetate and glucose aerobic stage
2.12 
sludge alkaline fermentation liquid 10.46 





 N2O generation amount = (total N2O-N generation)/(influent TN) *100%.?
b
 N2O conversion rate = (total N2O-N generation)/(TN removed) *100%. ?
Highlights ?
Compared with AO-SBR, A2N-SBR reduced N2O generation by around ?
31.5%. ?
Only 0.054% of the removed nitrogen in anoxic stage of A2N-SBR was ?
converted to N2O.  ?
Autotrophic nitrification contributed to 95.4% of total N2O generation in ??
N-SBR. ??
The separate nitrification reactor reduced N2O generation in aerobic stage. ??
The use of propionate as carbon source reduced N2O generation in anoxic ??
stage. ??
 ??
